Pluripotent stem (PS) cells have been characterized by an inherent ability to selforganize into 3D ''organoids'' resembling stomach, intestine, liver, kidney, and brain tissues, offering a potentially powerful tool for modeling human development and disease. However, organoid formation must be quantitatively reproducible for applications such as drug and toxicity screening. Here, we report a strategy to produce uniform neural tissue constructs with reproducible global gene expression profiles for replicate samples from multiple experiments.
Introduction
Pluripotent stem (PS) cells have been characterized by an inherent ability to self-organize into 3D ''organoids'' resembling stomach 1 , intestine 2 , liver 3 , kidney 4 , and brain [5] [6] [7] [8] tissues, offering a potentially powerful tool for modeling human development and disease, 9 and for emerging toxicity screening approaches. 10 The value of 3D cellular models will continue to expand as new strategies for inducing specialization evolve, but variability between samples has been a limitation for most organoid formation protocols to date. 11, 12 Typical organoid protocols rely on media or scaffolds that include Matrigel and specialized culture techniques such as embryoid body formation to promote differentiation and self-organization, each of which likely plays a role in poor sample reproducibility. Matrigel is a poorly defined mixture of bioactive components known to influence stem cell function, 13 while extraction from mouse Engelbreth-Holm-Swarm (EHS) tumors 14, 15 is an inherent source of variability between lots, factors that are especially problematic for organoid protocols that require multiple steps and long culture times. The use of Matrigel as a scaffold is also technically challenging for applications that require automation or scale-up, since monomer solutions must be kept at low temperature to prevent premature gelation. Therefore, organoid protocols would benefit from strategies to replace Matrigel with defined matrices.
Several reports have demonstrated that PEG hydrogels and other chemically defined scaffolds are suitable for producing model 3D neural tissues or organoids, [16] [17] [18] [19] which demonstrates that appropriate design strategies using defined scaffold materials offer an alternative to Matrigel. Thiol-ene photopolymerization provides a robust and modular chemistry for fabricating hydrogels with bioactive components such as peptides, hyaluronic acid, and gelatin. 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] In contrast to the thousands of bioactive molecules found in Matrigel, 29 poly(ethylene glycol) (PEG) hydrogels formed using thiol-ene chemistry have proven remarkably versatile as a cell culture scaffold by incorporating synthetic peptides 20,28 such as proteolytically degradable peptide crosslinks 30 and cellular adhesion peptides. 31, 32 Such peptide-functionalized PEG hydrogels provide a minimum complexity, fully synthetic culture scaffold that can be tuned to control 3D cellular remodeling through matrix degradation, migration, and ECM deposition. 20, 33, 34 Several recent studies have demonstrated that synthetic hydrogels formed using thiol-ene chemistry are promising for neural tissue modeling approaches, including neurotoxicity screening, 18 potency testing, 22 directed differentiation, 23 and neural cell culture. 21, 24 We previously reported a strategy for producing model neural tissue constructs with 3D organization and demonstrated the value of this approach for enhanced throughput neurotoxicity screening. 18 The protocol was developed based on the notion that reproducible model neural tissues with multiple cellular components (neural, glial, vascular, and immune cells) could be produced by (1) differentiating human pluripotent stem cells into precursor populations representing major compartments of the developing human brain, (2) cryopreserving the precursor cells where possible to ensure uniform cell populations between experiments, (3) using standard culture techniques for cell handling, and (4) culturing the cells on bioactive synthetic hydrogels permissive towards cellular remodeling rather than Matrigel. 18, 35 Here, we aimed to demonstrate the value of this protocol for producing uniform neural constructs by quantitatively analyzing global gene expression profiles for replicate samples from multiple experiments and by evaluating the generality of our approach using human pluripotent stem cells differentiated by a second neural induction procedure.
Materials and methods
Cell culture DF3S medium: DMEM/F-12, L-ascorbic acid-2-phosphate magnesium (64 mg/L), sodium selenium (14 mg/L), and NaHCO 3 (543 mg/L). E8 medium 36 : DMEM/F12, L-ascorbic acid-2-phosphate magnesium (64 mg/L), sodium selenium (14 mg/L), FGF2 (100 mg/L), insulin (20 mg/L), NaHCO 3 (543 mg/L), transferrin (10.7 mg/L), and TGFb1 (2 mg/L). E7V medium: E8 minus TGFb1, but supplemented with 50 mg/L VEGF-A. Mesenchymal serum-free expansion medium (M-SFEM): 50% StemLine II serum-free HSC expansion medium (HSFEM; Sigma-Aldrich), 50% human endothelial serum-free medium (ESFM; Invitrogen), GlutaMAX (1/100 dilution; Invitrogen), Ex-Cyte supplement (1/2000 dilution; Millipore), 100 mM monothioglycerol (MTG), and 10 mg/L rhFGF2. Neural growth medium (NGM): DF3S medium supplemented with rhFGF2 (5 mg/L), 1X N2 (Life Technologies, 17502-048) and 1X B27 (Life Technologies, 17504-044) supplements. NBþNOG neural differentiation medium: DF3S supplemented with 1X N2, 1X B27, and 100 ng/mL recombinant human NOGGIN (R&D Systems).
''Multicomponent'' neural constructs were formed using neural progenitor cells (NPCs), endothelial cells (ECs), mural cells (mesenchymal stem cells, MSCs, or primary human pericytes, PCs), and microglia precursors (MG) that were differentiated and expanded as previously described, without modification. 18 Briefly, NPCs were differentiated as previously described and expanded using neural growth medium. Human brain vascular pericytes (ScienCell) were expanded by culturing according to manufacturer's instructions in Pericyte Medium (Catalog #1201, ScienCell). ECs were expanded on fibronectin-coated plates with E7V medium. MSCs were expanded in either M-SFEM or Pericyte medium (ScienCell, the expansion medium did not lead to measurable differences in neural tissue construct properties). Microglia precursor cells (or microglia/macrophage precursors) were freshly differentiated as previously described, without modification. 18 ''Single-component'' neural constructs were formed using H1 ES cells differentiated using a neural induction protocol that was previously described. 37 H1 ES cells were split onto Matrigel-coated plates at $20-40% confluency in NBþNOG medium. Cells were split every 3-6 days for 14 days to prevent over confluency.
Hydrogel preparation via thiol-ene photopolymerization
Protease-degradable synthetic PEG hydrogels were fabricated as previously described in detail, without modification. 18 PEG hydrogels were formed by crosslinking 8-arm PEG-norbornene molecules (20,000 MW, JenKem USA, 8ARM (TP)-NB-20 K) with matrix metalloproteinase (MMP)-degradable peptide (GenScript, KCGGPQGIWGQGCK, active sequence in bold), 30 and incorporated pendant CRGDS (GenScript) peptide 32 for cell adhesion. Monomer solutions were prepared at a final concentration of 40 mg/mL 8-arm PEG-NB (16 mM norbornene arms), 4.8 mM MMP-degradable peptide (9.6 mM cysteines, 60% molar ratio of cysteines to norbornene groups), 2 mM CRGDS, and 0.05% (wt/wt) photoinitiator (Irgacure 2959, or I2959) in PBS.
Multicomponent neural constructs. For most experiments using multicomponent neural constructs, hydrogels were formed by pipetting 30 mL of monomer into Corning 24-well Falcon Cell Culture Inserts (Fisher Catalog No. 08-771-9, polyethylene terephthalate membrane, 0.3 cm 2 culture area, 1.0 mm pore size). For immunofluorescence imaging shown in Figure 3 , hydrogels were formed by pipetting 40 mL of monomer into Corning HTS Transwell-24 well permeable supports (Fisher, Catalog No. 07-200-537, polyester membrane, 0.33 cm 2 culture area, 0.4 mm pore size).
Single-component neural constructs. For experiments
that used the second NPC differentiation protocol, 37 some hydrogels were formed using a non-degradable PEGdithiol crosslinker (also 60% crosslinking density) for comparison to MMP-degradable hydrogels. Hydrogels were formed by pipetting 9 mL of monomer into TPP round bottom (U-base) 96-well plates (TPP 92097). The round bottom (or U-base) geometry was chosen to minimize meniscus formation and hydrogel buckling during swelling.
Monomers were polymerized by 2.5 min of exposure to $365 nm centered UV light (UVP XX-15 L lamp, top shelf of a UVP XX-15 lamp stand, Fisher Scientific) for all multiwell formats. The hydrogels were incubated overnight (5% CO 2 , 37 C) in DF3S medium to remove excess unreacted monomer and to allow swelling and equilibration. After overnight incubation, DF3S medium was removed and cells were seeded on top of the hydrogels in neural growth medium.
Formation of neural tissue constructs
Multicomponent neural tissue constructs 18 . NPCs were seeded at a density of 50,000-150,000 cells/well, allowed to attach overnight, and then cultured in neural growth medium with a medium exchange on day 1 and every two days thereafter. At day 9, ECs and MSCs or primary pericytes were seeded 5:1 (ECs:MSCs or ECs:PCs) in neural growth medium at a total density of 100,000 cells per well. Neural growth medium was exchanged on day 11 (2 days after seeding ECs and MSCs/PCs). Microglia precursors were seeded in neural growth medium at a density of 25,000 cells per insert on day 13. Neural growth medium was then exchanged on day 14 and every two days thereafter.
Single-component neural constructs 37 . NPCs were seeded at a density of 100,000 or 200,000 cells/well of round bottom 96-well plates, allowed to attach overnight, and then cultured in neural growth medium with a medium exchange on day 1 and every two days thereafter. At day 7 of growth on MMP-degradable or non-degradable PEG hydrogels (day 21 total), neural growth medium was switched to the base DF3S medium without additional neural supplements or growth factors for one set of samples (labeled DF3S). . Neural constructs were fixed for 60 min in 2% buffered formalin and stored in PBS at 4 C until further processing, and all steps were conducted within the transwell insert. Neural constructs were permeabilized and blocked in blocking buffer (0.25% Triton X-100 and 1% BSA) in PBS for at least 60 min. Primary antibodies in incubation buffer (0.05% Triton X-100 and 1% BSA in PBS) were added to the transwell insert and incubated overnight at 4 C, rinsed 2 Â 60 min with rinse buffer (0.05% Triton X-100 in PBS), and at least 60 min in blocking buffer. Secondary antibodies and 5 mg/mL DAPI (MP Biomedicals, 157574) in incubation buffer were added to the neural constructs, incubated overnight at 4 C or at least 4 h at room temperature, rinsed 2 Â 60 min and a third time overnight at 4 C in rinse buffer, and stored in PBS (at least 24 h) until further processing. Neural constructs were removed from the transwell membrane and mounted in Aqua Polymount solution (Polysciences, Inc.) on the bottom of a 35-mm glass bottom dish (MatTek) with a coverslip over the top and then imaged on a Nikon A1R laser scanning confocal microscope and processed using NIS Elements or ImageJ. 38 Some images were adjusted using the auto correction feature for brightness/contrast in Image J and any changes were applied to the entire image as displayed.
Immunofluorescence imaging

RNA-Seq
Neural constructs were lysed in the insert by adding 350 mL RLT lysis buffer (Qiagen), and total RNA was isolated using Qiagen's RNeasy 96 kit beginning with step 3 of the manufacturer's protocol ( Tables 2 and 3) 37 were prepared using the Ligation-Mediated Sequencing (LMSeq) protocol. 35 The cDNA libraries were pooled and run on Illumina's HiSeq 2500.
RNA-Seq data analysis. Raw reads were downloaded from the Gene Expression Omnibus 39, 40 for the NPC time course on TCP (GEO accession number: GSE90053), 37 CORTECON (GEO accession number: GSE56796), 41 and cerebral organoid (GEO accession number: GSE80264) 42 datasets. FASTQ files were generated by CASAVA (v1. 8 Differential gene expression. For select comparisons between datasets, gene ontology (GO) terms from the DAVID Bioinformatics Database (Resources version 6.7) Functional Annotation Tool 40, 46, 47 were used to identify functional properties for two-fold differentially expressed genes with p < 0.005 or p < 0.001 (Student's t-test).
Previous datasets were used in this study
RNA-Seq data that were previously deposited on the Gene Expression Omnibus 39, 40 were used in the present study. Datasets that were analyzed from previous studies included multicomponent neural constructs (NPC-EC-MSC AE MG, Day 21, Supplementary  Table  1 , Supplementary Table 4 , Supplementary Figure 2 ) and quadruplicate H1 ES cell samples ( Supplementary Table 3 ) (GEO Series accession number GSE63935), 18 the neural differentiation time course on TCP (GEO Series accession number GSE90053) 37 that was compared to single-component neural constructs here (Figure 5 , Supplementary Figures 1  and 2 ), CORTECON samples (GEO Series accession number GSE56796), 41 and cerebral organoids (GEO Series accession number GSE80264) 42 (Supplementary Figure 2) .
Results and discussion
The developing brain is comprised of cellular compartments with distinct embryologic origins, including neurons and glial cells, 48-52 a vasculature, 53, 54 and specialized immune cells (microglia). [55] [56] [57] Procedures for producing organoids with neuronal populations that resemble one or more distinct brain regions have been reported, [5] [6] [7] [8] 58 but common media formulations that are used for these protocols do not allow the same starting population of pluripotent stem cells to be differentiated down neuronal, vascular, and microglial lineages simultaneously. We previously reported a protocol to incorporate distinct components of the developing brain into a model neural tissue by combining precursors cells derived from the H1 human embryonic stem cell line (H1 ES cells) for each lineage on the same scaffold (Figure 1(a) ), including neural progenitor cells (NPCs, precursors for neurons and glia), ECs, mural cells (MSCs), and microglia precursor cells. 18 For the present study, we also used primary human brain vascular pericytes as the mural component instead of MSCs for some experiments. Organoid culture techniques typically require one or more steps where pluripotent stem cells are aggregated or encapsulated within Matrigel scaffolds (or both), 58 each of which likely contributes variability that has limited sample reproducibility for previous protocols. Importantly, our protocol was optimized using standard culture techniques to seed single cell suspensions of precursor cells on synthetic PEG hydrogels (see Materials and methods for details), 18 rather than more complex procedures such as embryoid body formation or encapsulation within a matrix. Precursor cells were expanded, singularized, and cryopreserved to provide a well-defined starting population when producing model neural tissues for replicate experiments, with the exception of microglia, which were freshly differentiated.
The timing for adding precursor cells to PEG hydrogels was chosen based on the approximate sequence observed during brain development (Figure 1(a) ). Since capillaries penetrate the developing human brain after the neural tube has formed, 53, 54 ECs and mural cells (either MSCs or primary pericytes) were added after initial differentiation and multilayer formation by NPCs. By day 12, vascular networks were aligned with GFAP þ radial glial cells, and some GFAP þ cells appeared to form connections through end feet 54 (Figure 1(b) and (d) , see arrows). Microglia are sparsely distributed in the early neural tube, but increase in abundance with timing that overlaps with early capillary formation. 57 Therefore, microglia precursors were added on day 13 (Figure 1(a) ), by which time vascular networks were evident within the neural constructs (Figure 1 (b) to (d)). Immunofluorescence imaging identified IBA1 þ microglia by day 14 (Figure 2(a) ), and RNA-seq demonstrated that microglial genes (AIF1/IBA1, TREM2, CD14, and others) were upregulated over control samples without microglia (Figure 2(b) , Supplementary Table 1 ). Further, GO analysis 40, 46, 47 demonstrated that !2-fold upregulated (p < 0.005) genes for neural constructs with microglia were predominantly associated with immune cell function when compared to samples without microglia (Figure 2(c) , Supplementary Table 1 ). By day 21, neural constructs were characterized by multilayered neuronal organization that was particularly pronounced at the outer edges of the tissues (Figure 3 RNA-seq and Spearman's rank correlation analyses were used to compare reproducibility between replicate neural constructs formed under a variety of conditions ( Supplementary Table 4 ). First, sample uniformity was compared for day 14 or day 21 neural constructs formed under the following conditions within the same experiment: (1) An initial seeding density of 50,000 or 100,000 NPCs per well, (2) MSCs or pericytes as the mural component, and (3) either with or without microglia (NPCs seeded alone on day 21 were also included as a control). A comparison of Spearman's coefficients (r) for replicate neural constructs from the same experiment were highly uniform for each set of conditions analyzed (r ¼ 0.99 for all replicate comparisons, Supplementary Table 4 ), including six separate sets of quadruplicate samples that were formed with MSCs as the mural component (Figure 2(d) , Supplementary Table 4 : 50,000 and 100,000 NPCs per well, with or without microglia, days 14 and 21). Replicate samples from two independent experiments were also highly correlated at day 14 (r ! 0.98; N ¼ 6 replicate samples; two samples for experiment #1, four samples from two separate cryopreserved vials of NPCs for experiment #2) and day 21 (r ¼ 0.99, N ¼ 4 replicate samples, two samples from each independent experiment) (Figure 4(a) ). Thus, multicellular neural constructs were characterized by highly correlated gene expression profiles for comparisons between similar samples, which was true for a wide range of conditions and time points.
Reproducibility between samples was further tested by determining the coefficient of variation (CV ¼ S.D./Mean) for all expressed genes, which was defined as mean TPM ! 1 ( Supplementary Table 4 ). Neural constructs formed under identical conditions within the same experiment were characterized by a mean CV 0.13 for all expressed genes (CV ¼ 0.10 AE 0.09-0.13 AE 0.13; N ¼ 4 replicate samples each for six separate comparisons; !13,838 genes were detected for all comparisons; Supplementary Table 4 ), while at least 98% of all expressed genes were characterized by CV 0.50 for each comparison. Neural constructs from two independent experiments were characterized by a mean CV for all expressed genes of 0.17 AE 0.13 on day 14 (N ¼ 6 replicate samples from three cryopreserved vials of NPCs; 13,790 expressed genes) and 0.16 AE 0.11 on day 21 (N ¼ 4 replicate samples, two from each experiment; 13,973 expressed genes), with more than 97% of all genes having CV 0.50 on both days (Figure 4(b) , Supplementary Table 4 ). Thus, the mean variability in gene expression for sample replicates from independent Figure 1 Procedure for producing multicomponent neural constructs. (a) Neural tissue constructs (also referred to as ''multicomponent'' neural constructs) were formed by combining H1 ES cell-derived neural progenitor cells (NPCs), endothelial cells (ECs), and mesenchymal stem cells (MSCs) from cryopreserved stocks. Primary human brain-derived pericytes (PCs) from cryopreserved stocks were used instead of MSCs and freshly differentiated microglia precursor cells were added on day 13 where indicated. Precursors were cultured on top of peptide-functionalized polyl(ethylene glycol) (PEG) hydrogels in 24-well Transwell inserts. Table: Overview of replicate multicellular neural constructs analyzed in this study. Samples formed with pericytes and without microglia were prepared using two separate cryopreserved vials of NPCs for experiment #2. Replicate samples for a given condition are labeled by sample number (e.g. sample 1 ¼ ''s1''), where there are two or four replicate samples for a given condition within an experiment. Neural constructs formed from NPCs, ECs, and PCs were used for analyzing variability between independent experiments, which included two replicate samples from experiment #1 and four replicate samples from experiment #2. The four replicates from experiment #2 also included two samples each from separate cryopreserved vials of NPCs, where each set of samples were seeded with the same ECs and PCs. (b-d) Immunofluorescence imaging illustrating endothelial cells (CD31, green), radial glial cells (GFAP, red), and nuclei (DAPI, blue) for neural constructs after 12 days of culture (ECs and primary pericytes were added on day 9). A zoom of the boxed region in (b) is shown in (c) for CD31 (green) and GFAP (red). The boxed region in (c) is show in (d) as single channels for CD31 and GFAP, and for the overlap between the two channels. experiments was 17%, including less than 10% variation between samples for many common neural genes ( Figure  4(c) ). These results demonstrate that model neural tissues with complex 3D organization can be produced from human pluripotent stem cells with high sample uniformity using standard culture techniques.
We next determined how NPCs from a distinct differentiation protocol would be influenced by culture on PEG hydrogels. We chose a recent protocol that uses a single neural differentiation medium (DF3S medium supplemented with N2, B27, and 100 ng/mL NOGGIN, see materials and methods section) to mimic human brain development for H1 ES cells cultured on Matrigel-coated tissue culture polystyrene (TCP) plates. 37 We compared RNA-Seq data from the previous study on TCP for the first 36 days of differentiation 37 to cells that were cultured on TCP for 14 days followed by PEG hydrogels for an additional 21 days. After 14 days of differentiation on TCP, cells were singularized and seeded on PEG-hydrogels at densities of 100,000 -200,000 cells per well of 96-well round bottom plates and cultured for an additional 21 days, either in neural growth medium (N2B27 þ 5 ng/mL FGF2) or in neural growth medium for seven days followed by DF3S medium (without added supplements or growth factors) for the remaining 14 days. Further, we compared PEG hydrogels with MMP-degradable crosslinks, such as for the ''multicomponent'' neural constructs described above, and non-degradable PEG-dithiol crosslinks. 22, 23 The model neural tissues produced using this modified protocol were characterized by upregulated expression of genes within several neural development GO categories (Supplementary Table 3 ). The relevance of these in vitro neural samples to in vivo neural development was assessed by comparing correlation of RNA-Seq datasets to the human developmental biology resource (HDBR) expression dataset. 45 Spearman correlation coefficients were calculated using count data for genes with >0 reads that were detected in at least one of the three datasets, with results represented as heat maps to show relative correlations between neural samples and brain regions identified using the HDBR (Figure 5 , Supplementary Figure 1 ). The TCP time course from RNA-Seq datasets that were previously published (GEO Series accession number GSE90053) 37 demonstrated that H1 ES cells differentiated down neural lineages became correlated with progressively later Carnegie stages over time, such as for forebrain development shown in Figure 5 (see Supplementary Figure 1 for other regions). The previous RNA-Seq datasets from our TCP neural culture time course were characterized by correlation to in vivo stages of human neural development that compared favorably to previous studies ( Supplementary Figure 2) 41, 42 using modifications of widely established neural differentiation and cerebral organoid procedures. 5, 42 Notably, when cells differentiated for 14 days on TCP were then transferred to PEG-hydrogels for an additional 21 days, samples were more highly correlated to in vivo Carnegie stages 20-23 than those cultured for the same amount of time on TCP alone ( Figure 5 , Supplementary  Figure 1 ). Assuming that human ES cells at day 0 roughly correspond to embryonic day 15, 37 then samples cultured for 14 days on TCP and 21 additional days on PEG hydrogels transpose to embryonic day 50, which would be equivalent to Carnegie stages 19-20. Indeed, NPCs that were further differentiated on PEG-hydrogels using simple media formulations were characterized by higher correlation to later in vivo brain developmental stages than neural differentiation on TCP surfaces ( Figure 5 , Supplementary Figure 2) . 37, 41 The increase in correlation of in vitro samples cultured on PEG hydrogels to agematched in vivo neural development compared to differentiation on TCP was observed for all media and hydrogel conditions tested, even when using the basal DF3S medium without neural supplements or growth factors for the final 14 days of culture.
''Single-component'' neural constructs (Supplementary Table 5 ). 37 were characterized by lower sample uniformity than the multicomponent neural constructs described above ( Supplementary Table 4 ), which was reflected in lower Spearman's correlation coefficients and higher CV values. The difference in variability could not be attributed to the support cells in the multicomponent neural constructs, since single-component samples formed using NPCs from the first protocol were also highly correlated (Supplementary Table 4 : r ¼ 0.99 for day 21 samples formed with 50,000 and 100,000 NPCs per well, ''NPCs only (control)''). There are several possible factors that might explain the reduced variability for the single-component neural constructs compared to the multicomponent neural constructs. For example, while the single-component neural constructs were cultured on PEG hydrogels formed in wells of round bottomed 96-well plates, the multicomponent neural constructs were cultured in 24-well transwell inserts. The hydrogel surface area is similar for the 96-well and 24-well transwell formats, but wells for 96-well plates have a much lower volume ($150 mL) than the 24-well transwell platform ($1.5 mL), which resulted in faster transition to yellow color after media exchange that would suggest dynamic differences in exposure to soluble factors. We also note that the differences in read depths for the multicomponent neural constructs (5.2 Â 10 6 -2.3 Â 10 7 reads for all samples) was higher than single-component neural constructs (9.5 Â 10 5 -4.5 Â 10 6 reads), which may also play a role in variability.
While variability was higher for the single-component compared to the multicomponent neural tissue models here, previous studies indicate that both platforms can be used to improve assays aimed towards toxicity screening and potency testing. 18, 22 We previously demonstrated the value of the multicellular neural constructs for enhanced throughput neurotoxicity screening, achieving 90% accuracy in a blinded assessment of chemical compounds. 18 Additionally, human iPS cell-derived neural stem cells cultured on similar PEG hydrogels and the same 96-well format described here produced a functional neural phenotype that performed well in a botulinum neurotoxin potency testing assay. 22 Differentiation of the iPS cell-derived neural stem cells was enhanced on both MMP-degradable and non-degradable PEG hydrogels when compared to cells on TCP surfaces, 22 which led to improvements of the assay towards botulinum neurotoxin at earlier time points and sensitivity that was comparable to the in vivo mouse bioassay, which is the gold standard for potency testing. 59 While the role of culture media, hydrogel composition, and well format on neural maturation requires further investigation, our results demonstrate that human cellular models that mimic brain development can be produced with high uniformity using standard culture techniques rather than common organoid protocols such as suspension culture or encapsulation in Matrigel. Figure 5 Comparison of neural differentiation on TCP and PEG hydrogels to in vivo human forebrain samples. RNA-seq of human H1 ES cells cultured in neural differentiation medium for 14 days on tissue culture polystyrene (TCP), followed by 21 days on PEG hydrogels, were analyzed for similarity to in vivo forebrain sections using Spearman correlations to the HDBR expression data set. 46 Cells cultured on hydrogels were either seeded on MMP-degradable (MMP-DEG) or non-degradable (NON-DEG) PEG hydrogels in DF3S medium or neural growth medium. For comparison, data from a previously reported time course of H1 ES cells differentiated entirely on TCP 37 were similarly correlated to HDBR. Spearman's rank correlations using genes with >0 reads in any dataset were included, and triplicate samples for hydrogel samples were averaged. Carnegie stages (CS) are shown corresponding to their observed day in vivo, along with the transposed day of differentiation, assuming that embryonic stem cells (day 0) correspond to human embryonic day 15. (A color version of this figure is available in the online journal.)
